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Last .But not Least: the Trip to Pluto
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Richard Terrile', and Stacy Weinstein!

As a planetary system Pluto is small in size but big in
nystery. Pluto's nei ghbors, the gas giants, alnost nake it an
insignificant speck in the outer Solar System It wasn't even
di scovered until 1930, and its relatively huge noon Charon wasn’t
di scovered until 1978. But this pint-sized binary planetary
system has captured the popul ar inmagination nore than perhaps any
other pl anet save Mars.

1ts very renoteness has both fueled our inmagination and nade
it a difficult place to visit. Known as the “farthest planet”
fromthe Sun, its highly elliptical 248-year orbit is sonetines —
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as it is now —inside Neptune's, nmaking it the “farthest
planet. . . nost of the time” . But in 1999, as it heads away from
perihelion, Pluto will again cross outside Neptune's path, and

will reign as the king of distance until 2227. And it is for
this reason, its rapid departure fromits relative closeness to
the Sun, that gives urgency to the human probing of its secrets.

NASA' s Jet Propul sion Laboratory has proposed a highly
focused, |low mass and low cost mission to Pluto by two spacecraft
to perform the first reconnaissance of the only known planet |eft
unexplored. A mng for separate 1999-2000 |aunches, it is hoped
both spacecraft will reach Pluto before its atnosphere freezes
into a dusting of snow.

Expl oring the Pluto/Charon System [lI

Pluto’'s inclined and eccentric orbit. of the Sun carries it
bet ween about 30 and 50 AU, so Pluto exhibits a w de seasonal
range. Pluto is known to have a thin atnosphere and quite a
| arge noon, Charon’, which orbits at a distance of about 20,000
km Charon rotates around Pluto with a period of 6.39 days --- the
same length as Pluto’ s rotational period. Interest in Pluto and
Charon has increased since the 1989 encounter with Neptune’s noon
Triton by Voyager 2. Triton is a near twin of Pluto in size and
albedo, and has revealed an extrenmely conplex geology, wth
active surface eruptions, polar ice caps, seasonal volatile
changes, and l|inb hazes. These revel ations fuel scientific
i magi nati ons about what mght be found on Pluto and Charon. Only
a spacecraft encounter can provide this kind of information.

4

"Charon" is pronounced with Char as in “shark” and on as
in “on and off”, with the accent on Char.
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As Pluto has only recently passed perihelion, its surface is
the warnest it will be for two centuries. It is essential that
the system be explored before the 2020s; as the planet races from
the Sun, its atnosphere will freeze and fall to the surface,
where it will lay until evaporated by the next “close” encounter
with the Sun.

The key questions to be answered about Pluto and Charon
concern the origin of this “dual-planet” system and its
relationship with the rest of the Solar System Recent Hubble
Space Tel escope inages were the first to distinctly resolve Pluto
from Charon, revealing that they orbit a barycenter about 900 km
above Pluto’s surface. As suspected, Pluto’'s estimated density
(2.1 g/c*) is higher than Charon’'s (1.3 g/c¢*) . Because of a
greater uncertainty of Charon’s dianmeter, its density estimate is
less certain, but clearly it is different enough to indicate
di stinct conpositional differences between the two. By its
density, we can infer that Pluto has a substantial rocky
conponent . A very tenuous atnosphere containing nethane has been
detected around Pluto using stellar occultation. There is also
spectral confirmation of nitrogen, carbon dioxide, and nethane
ices on Pluto, and water ice on Charon. At surface tenperatures
of perhaps 40 K, nethane ice relaxes over geologic time scales
for larger topographic features, while water ice behaves nore
like terrestrial rock. Thus, there is "the speculative but
interesting possibility that Pluto’'s surface may harbor only the
record of nore recent inpacts, While Charon's harbors a |ong-term
integrated fl ux. One awaits a spacecraft mssion to learn if
this is indeed the case” [1].

G ound- based neasurenents have shown that Pluto’s surface
refl ectance varies, with sone |ongitudinal variations and
asymmetrical polar caps [2] . Charon is also thought to have at,
least subtle surface markings. Wth at least a transient
at nosphere, there is a nechanism on pluto for material transport,
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such as frost sublimation. On both bodies, radiation effects nay
cause surface chem stry changes, resulting in color and

bri ghtness variations beyond what woul d be caused by inpacts

al one. Certainly, there is nuch to learn: each first planetary
encounter has brought nany conplete surprises.

Primary Scientific Objectives

The science goals and neasurenent objectives for a first
reconnai ssance mssion to Pluto were formulated and prioritized
by NASA's Quter Planet Science Wrking Goup, and are listed in
Table 1. The three category “la” science objectives were
identified as the highest priority required for this first
mssion, with the “Ib” and "i1c" category objectives considered
desirabl e but non-essential. Note there is no ranking inplied
within the categories.
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Table 1 -- Pluto Core Measurenent bjectives

Characterize Neutral Atnosphere
| a Characterize d obal Geology and Morphol ogy
Surface Conposition Mpping

Surface and Atnosphere Tine Variability

Stereo | maging

H gh Resolution Term nator Mapping

Sel ected H gh Resolution Surface Conposition Mpping
1b Characterize |onosphere and Solar Wnd Interaction
Search for Neutral Species

Search for Charon’s Atnosphere

Det erm ne Bolometric Bond Albedos

Surface Tenperature Mapping

Characteri ze Energetic Particle Environnment
lc Refine Bul k Paraneters (R M »p)

Search for Magnetic Field

Search for Additional Satellites and R ngs

The goal of an initial reconnaissance of the Pluto-Charon
systemis to understand the physical and geol ogi cal processes on
the surface, the surface conposition, and the conposition and
nature of any atnosphere found on Pluto and Charon. We believe
that these top-priority objectives can be met within the cost,
size, and mssion tine constraints of a very snall spacecraft

mssion, but to do so will require new devel opnents in
instrumentation (described below) . It is anticipated that the
basel i ned spacecraft and instrunment package wll provide

conparable or better scientific coverage of Pluto and Charon than
was provided by Voyager at Triton.

To nmeet the category la science objectives, a series of
measur enent requirenents were generated based on current
know edge of the Pluto-Charon system  These requirenents were
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used to guide the design of the Pluto ' ‘strawman' ' , or exanple,
m ssi on science payl oad. The specific measurenent requirenent.s
for each of the Category |la objectives are:

Geology and Geomorphology

Monochromatic Mapping: Oobtain 1. km/lp (line pair) nonochronmatic
gl obal coverage of both Pluto and Charon. The resolution
requirement is to be obtained at the sub-spacecraft point in each
i mge; it is understood that a conbination of inmage projection

effects and spacecraft data storage limtations nay degrade
resolution away from the sub-spacecraft point.

Col or Mapping: btain 3-10 km/lp gl obal coverage of both Pluto
and Charon in 3-5 col or bands. The resolution requirement is to
be obtained at the sub-spacecraft point in each inage; it is
understood that a conbination of image projection effects and
spacecraft data storage limtations may degrade resolution away
from the sub-spacecraft point.

Phase Angle Coverage: Obtain sufficient inmaging at noderate and
hi gh phase angles to specify the phase integrals of Pluto and

Charon .
Image Dynamic Range and S/N. For all imaging, provide dynamc
range to cover brightness contrasts of up to 30 (i.e. , normnal

albedo between 0.03 and 1) with an average S/ N goal of about 100.
‘I’ he darkest portions are expected to produce a |ower S/ N

Surface Composition Mapping

Mappi ng Coverage and Resolution: Obtain infrared spectroscopic
maps of at least one hem sphere of Pluto and Charon with 5-10
kni pi xel resol ution. 1f payl oad accommodations pernmt, obtain
this coverage gl obally. | f payl oad accommodati ons do not. permit
global coverage at this resolution, obtain infrared spectroscopy
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maps with a resolution of at |east. 50-100 km/pixel on the non-
cl osest approach hem spheres of each body.

Spectral Coverage and Resolution: For each spatial resolution
el ement, obtain a spectral resolution of 300 over the entire
region 1 .0-2.5 um or a resolution of 400 over the entire region
1.5-2.5 um.

Mappi ng S/N and Dynamic Range: btain S/N >100 everywhere, with
sufficient dynamic range to neet this requirenent.

Neutral Atnosphere Characterization

Conposition: Determine the mole fraction of N,, CO CH,, and Ar in
Pluto’s atnosphere to at least the 1% |evel. M nor constituent
conposition is a 1b objective.

Thermosphere Thermal Structure: Measure T and dT/dz at 100 km
resolution to 10% accuracy at densities down to 10°cm™.

Aerosol s: Characterize the optical depth and distribution of
near - surface haze layers over Pluto’s linb at a vertical
resolution of 5 km or better.

ILower Atnosphere Structure: Measure T and P at the base of the
at nosphere to accuracies of 0.1 wpbar and 11 K

Tt is required that these specific neasurenent requirenents
be obtained despite several constraints: a flight tine of 7-10
years, a nomnal flyby velocity of 12--18 km see, use of two
spacecraft, a technology freeze in 1995 for a fiscal 1996 new
start, g payload mass allocation of 7 kg, a payl oad power
allocation of 6 W 3 Ppointing stability of 10 prad/see, and a
cost. allocation of *$30 M (of a total life cycle project cost of
$450-750 Min FYy 1993 dollars) . This is in addition to the
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givens of being at Pluto: very |low photon flux (Pluto’ s distance
fromthe Sun at encounter will be over 30 AU), and the extrenely

t enuous at nosphere to be neasured.

"Strawman" Sci ence Payl oad

To see if a set of instruments could be put together to neet
the stated science requirenents and still keep within the
mandat ed spacecraft and m ssion constraints, a "strawman" payl oad
was defi ned. The strawran instrunments described bel ow are not by
any means final. descriptions; the instrunents that will actually
fly will be selected from proposals submtted in response to a
future Announcenent of QCpportunity.

The concepts enploy advanced materials and el ectronics,
novel optical arrangenents, shared optics, and highly integrated
packages, sone of which were devel oped for other projects (e.g. ,

the Strategic Defense Initiative) . Breadboards of critical itens
are due by the end of April, 1994. " Science requirements creep”
will be avoided by issuing early, well-defined science

neasur enent objectives and by nmaking principal investigators
responsi ble for acconmodating the inpacts of added requirenents
within their avail able resources.

Example Visible Imaging System
Visible Imaging System — Tel escope: Richey-Chretien optics
(all reflecting); 750 nm focal length, 75 nmm aperture.
Visible CCD Canera —1024x1024, 7.5 um pixel Loral CCD; 10
urad resolution; 0.6 deg. field of view, 4-8 position filter
wheel and/or grism shutter

This exanple Visible Inmaging System neets the geol ogy and
geomorphology objectives by providing the capability for sub-
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kiloneter imaging resolution while the” spacecraft is inside of
100, 000 km r ange. Conpl ete color coverage will be obtained
inside of 500,000 km Wth the relatively short readout tines,
there will be sufficient tinme to carry out the observations. The
data conpression and encoding plan will allow all the data to fit
within the spacecraft’s nenory.

Example Infrared Mapping Spectroneter
Tel escope — Sanme optics as CCD caner a. 75 mmaperture for a
42 purad resolution at 2.5 um.
- Focal Plane — Mrrored slit alongside visible cCch at focus
grating spectroneter onto infrared detector
Infrared Detector — 256x256, 40 jam pi xel N1CcMos HgCdTe
array; A/ANT300 over 1.0 to 2.5 um; detector flight
qualified by the Hubble Space Tel escope; pixel field of view
is 53 urad; push-broom i nmagi ng.

The Infrared Mapping Spectroneter exanple shares the sane
foreoptics and sonme signal chain electronics with the exanple
Visible Imagi ng System A fixed grating would provide sufficient
spectral resolution and S/N to neet the surface conposition
science objectives and allow the detection of condensed frosts of
co, co,, CcH,, etc. At a range of about 200,000 km a conplete nmap
of Pluto can be neasured in about 30 mnutes with a spatia
resolution of 10 km

Example U traviolet Spectroneter
- Tel escope — Separate WVS instrunment; use one channel of the
Cassini-developed ultraviolet spectroneter system to cover
extrene ultraviolet.
Instrument — Single channel covers 55-200 nm single
resol uti on node AA=0.5 nm
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The strawman WS is a single channel, fixed resolution mode
Cassini-based UVS. It provides a measurenent of the conposition
of the neutral atnosphere by detecting spectral features during
the solar occultation and by studying Pluto’'s airglow. It
requires being pointed at the Sun during at |east one Pluto
occul tation, ingress or egress. Addi ti onal neasurenents can be
made in direct scanning nodes of the surface. This will neet al
the neutral atnosphere structure and conposition objectives
except the neasurenent of the surface tenperature and pressure.

Exanpl e Uplink Radi o Sci ence Experinent

- Hardware — Conbined with tel econmuni cations subsystem;
ultrastable oscillator (at least 10" stability over ~1
m nut e)

- Science Drivers — Surface tenperature and pressure profile;
solar occultation and Earth occultation nearly simultaneous.

The exanple Uplink Radi o Science Experinent is integrated
into the RF telecomunications subsystem and includes severa
addi ti onal conponents such as an upconverter, m xer, phase
detector, and an ultra-stable oscillator. Mars (bserver’s ultra-
stable oscillator neets this stability requirenment; a prototype
‘is being built to denonstrate needed mass and power reductions.
The Uplink Radi o Science Experinment provides conplenentary data
to the WS and conpletes the tenperature and pressure profile to
the surface.

Spacecraft Subsystens

The Pluto nmission spacecraft. has seven subsystens:
Tel ecommuni cations (radio frequency) , Electrical Power and
Pyrotechnics, Attitude Control, Spacecraft Data, Structure,
Propul sion, and Thermal Control .
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Spacecraft design has been driven” by three requirenents
enbodyi ng cost, schedule, and performance, in that order. cost
is clearly the nost inportant: if at any time during the course
of the m ssion devel opnent it becones apparent to NASA that the
devel opnment cost cap is going to be exceeded, the Pluto m ssion
team can expect the project to be cancel ed.

The second spacecraft driver is the need to get to Pluto as
qui ckly as possi bl e. This requisite stenms from the Quter Pl anet
Sci ence Working G oup science objectives and the inplication of a
short devel opnent cycle and cruise both contributing to |ower
cost .

The third spacecraft driver, conpleting the science
obj ectives, defines the primary function of the spacecraft. The
scientific objectives of the mssion define what the spacecraft
has to be capabl e of doing. From these objectives cone
performance requirenents, such as electrical power, data storage,
communications capability, propulsive capability, therma
control, pointing control, and a long list of other resources or
capabilities which the spacecraft nust provide to the
i nstruments.

From the fiscal 1992 baseline spacecraft wet mass of 1.65 kg,
Advanced Technol ogy Insertion (ATI) work (discussed below) has
brought. the mass to <120 kg (wet) for the 1993 baseline design
(Table 2). The selection of technologies for incorporation into
each subsystem was driven by the desire to:

reduce nass

reduce power consunption

reduce flight tine

keep cost and risk within the m ssion context.

take advantage of existing activity in rel evant technol ogy

areas
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Tel ecommuni cations

The Tel ecommuni cati ons subsystem consists of a 1.5 m
di aneter high gain antenna and the RF el ectronics. In the 1992
basel i ne design, the mass of the subsystem is 25.2 kg, and power
consunption is 28 Wwhile transmtting. Both the transmt
(downl i nk) and receive (uplink) signals operate at X-band (-8
GHz) . The downlink rate is about 80 b/s at Pluto encounter range
to a 34 m Deep Space Network station. A higher rate of 320 b/s
is possible using the larger 70 m antennas of the DSN Advanced
technol ogy incorporated into the 1993 baseline includes a lighter
conposite structure antenna, high density electronics packagi ng
and higher efficiency RF anplifiers. These advances coul d reduce
t-he mass of the subsystemto 12.75 kg and the power consunption
to 22 Wwhile transnmitting. In addition, a Ka-band (32 GHz)
option is in devel opnment, which could inprove the data rate

Advanced nonolithic mcrowave integrated circuit and multi-
chi p nodul e packagi ng technol ogies are the key to reducing the
recei ver portion of the transponder nmass by 50% and increasing
functionality to include the Command Detector Unit, elimnating a
separ at e physical nodul e. Prime power may be reduced by
elimnation of unnecessary functions, intelligent frequency

pl anni ng, new device technology and the possibility of using a
transcei ver versus a transponder. The latter is a navigation
i ssue being addressed where coherent, two-way ranging might be
replaced with less precise ranging plus greater reliance on
optical navigation

Power

The Electrical Power and Pyrotechnics subsystem consists of

a radi oi sotope power source to generate power, power electronics
for voltage conversion, regulation, transient peak power output,
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switching and fusing, and pyrotechnic device initiation
(expl osive bolts, pyro valves, etc.)

The 1992 baseline design has a nmass of 23.2 kg and generates

63.8 Wof power after nine years of operation. Power is
generated by a radioisotope thernoelectric generator, which uses
five general purpose heat source nodul es. Power consunption of

64.4 Wduring the encounter node includes a 20% contingency for
expected power growmh as the design matures. Approximately 15 W
is lost in DGC-DC conversion and regulation inefficiency during

t he hi ghest power nodes. The current best estimate for power
consunption during post-encounter downlinking (the highest power
node) is 52.31 W plus contingency. An additional 10% margin is
needed in nobst nobdes to account for uncertainties in the design
process, the decay of the power source and the aging of the
spacecraft as a whol e.

Advanced technol ogy which was considered for the 1993
basel i ne design could reduce the mass of the subsystemto “]4 kg
for the same power output. Technol ogi es such as al kali netal
t hernoel ectric converters (AMTEC) were considered to dramatically
increase the efficiency of the subsystem generating the sane
amount of electrical power using two general purpose heat source
(GPHS) nodul es. A prototype AMTEC cell producing 3 Wwith 10%
efficiency has been devel oped. Through additional devel opnent, a
3 W 16% efficient cell is expected to be delivered soon. O her
work IS ongoing with thermophotovoltaic (TpV) converters which
convert infrared radiation from the hot surfaces of two GPHS
nodul es to electricity using |ow bandgap photovoltaics, but a
nunber of lifetine and risk issues need to be resolved before
their incorporation into the baseline.

Both AMTEC and TPV systens require a substantial devel opnent
commitnent to be available for the Pluto project by the 1995
technol ogy freeze date. Because such a commtnment was not
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possible within today’s funding profile, neither AMIEC nor TPV
were selected for the 1993 baseline, in spite of substantial
Pluto ATI-funded progress. A nore conservative application of
unicouple converters, as on Galileo and U ysses (and planned for

Cassini) , was selected, permtting a nodest mass reduction from
23.2 to 19.4 Kkg.

Attitude Contro

The Attitude Control subsystem includes Sun and star sensing
devices, an inertial reference unit, electronics for interfacing
with the central conputer in the Spacecraft Data subsystem and
el ectronics and switches to drive the thrusters in the Propul sion
subsystem The star sensing device or star canera, with its
software, can determne the spacecraft’s three-dinensiona
orientation by imaging star fields and conparing them with a
catalog of stars in the conputer’s nenory. The Sun sensors are
used to help determne orientation in the event of a star canera
failure. By commandi ng the small cold gaseous nitrogen thrusters
in the Propul sion subsystem the Attitude Control subsystem can
change or maintain the spacecraft’s orientation. The 1992
basel i ne design has a mass of 2.7 kg and consunmes 11.5 W of
power .

New technology for a star tracker canera weighing <500 grans
appears feasible by 1995. Related star camera activities are
currently underway at the Lawrence Liverrnore National. Laboratory
for the Clementine Project and it is hoped that |essons |earned
there can be applied to the Pluto m ssion. As a reserve agai nst
the possibility that mcro star canmeras nay prove inadequate or
difficult to qualify for Pluto, the 1993 baseline Attitude
Control System nass rose to 6.65 kg
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Addi tional savings in nmass and power consunption are
currently being investigated in the breadboard stage el sewhere
for a lownmass inertial reference unit, while test and design
gualification activities are planned for the mcro star canera.

Spacecraft Data

The Spacecraft Data subsystem includes the central conputer
and its nmenory, the mass storage nenory, and the necessary
i nput/output devices for gathering data from and commandi ng ot her
subsystens . The conputer executes algorithns for attitude
control, sequencing, propul sive maneuvers, fault protection
engi neering data browse and reduction, and other data nmanagenent.
functions. The mass nmenory is used to store all of the near
encounter science data for transm ssion to Earth post-encounter,
and to store engineering data between ground communications
cycles during the entire m ssion. In the 1992 baseline the
subsystem had aggressive nmass and power targets of 7.0 kg and 6.0
W during encounter. Total science data storage volune was 400
Mbits. Use of advanced technology in electronics packaging and
| ow power interface drivers allowed a small nass reduction for
the 1993 baseline design while increasing science data storage
volune to as nuch as 2 Gbits.

The Structure subsystem includes the primary and secondary
structure of the spacecraft, electrical and data busses, and
separati on systens. The structure nust support all of the
spacecraft conponents during the vibration and acceleration of
[ aunch and injection by the upper stages. The structure hel ps
shield the electronics from the natural and power systeminduced
radi ati on environnent. The 1992 baseline featured an all
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alum num primary structure with a mx of alum num and graphite-
epoxy conposite nmenbers in the secondary structure utilizing
technol ogies with proven procedures and processes in space
appl i cations.

The ATI contractor delivered a prototype conposite bus
structure weighing 5.7 kg, allowing the structure subsystem nass
to drop from20 to 14.6 kg in the 1.993 baseline. This structure
I's undergoi ng acoustic testing.

The propul sion subsystem consists of a nonopropell ant
hydrazine thruster set for providing the required trajectory
corrections, plus cold-gas thruster attitude control equipnent:
A hybrid, blowdown system was adapted using a portion of the
hydrazine tank pressurant gas as the working fluid for the cold-
gas thrusters.

Principal objectives for the Propul sion subsystem design are
reductions in subsystem mass, gas | eakage, and power consunpti on.
The mniature cold-gas thruster approach meets the thrust,
‘response time, and mninmuminmpulse bit. requirenents for the Pluto
m ssion and the gaseous nitrogen exhaust mnimzes potentia
spacecraft inpingenent problens.

From industry input, it became apparent- that reductions in
mass up to factor of five could be realized in several
conmponents . M niaturization of the pressure regulators and
val ves (service and latch) , use of a conposite over-w apped
pressurant/propellant tank as used in the fourth stage of the
air-launched Pegasus, and a surface tension propellant managenent
device were identified as technologies of interest for the Pluto
m ssi on. Also identified was a mniature (0.0045 N) cold-gas
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thrust er With inproved internal |eakage (fac tor of ten decrease)
and cycle life (a 29,000-cycle increase) specifications with a

wi der operating tenperature range specification. Thruster valve
actuation and hol ding power would al so both be reduced. Based on
prototype hardware conpleted for Pluto, a nass reduction from
20.1 to 9.9 kg appears achievabl e.

Wth inprovements in the injection accuracy — through 3-axis
stabilization of the upper stages plus reductions of the rest of
the spacecraft mass —reduction in the mass of hydrazine

nmonopropel lant from 24.6 to 6.9 kg is possible.

Thermal Control

This subsystem is basically passive, consisting of blankets,
| ouvers, radiators, and other thermal paths and insulators. The
radi oi sot ope power source provides heat to the AV thrusters and
is situated to help keep the spacecraft warm during cruise.

Mul ti layer insulation blankets mnimze undesirable therma
energy transfer between elenents of the spacecraft. Ther ma
conduction control, such as the thernmal isolation between the
spacecraft and the antenna, and thermal enhancenent allow ng nore
effective energy conduction from the electronics to radiators
that are designed to transfer excess heat from the power system
keep all the subsystenms within tolerable tenperatures.

Mechani cal | ouvers actuated by a binetallic device have good
radi ative properties in the open position and help to hold heat
in when in the closed position. The “thermal zoning” design of
t he spacecraft elimnates the need for snmall., separate
radi oi sotope heater units, and nminimzes the need for
controllable electrical heaters.

In the 1992 baseline design, the mass of the subsystemis
4.0 kg. Power consunption will not exceed 1 Wfor heaters. The
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use of advanced technology, I|ike high conductivity coatings and
structural materials, may help to reduce the nmass and decrease
the tenperature transients experienced by the subsystens.
Subsystem nmass has been reduced slightly, to 3.7 kg, from the
1992 basel i ne.

Table 2 — Spacecraft Baseline Mass Allocations
Subsyst em 1992 1993
Basel i ne Goal Desi gn
(kg) (kg) (kg)
Tel ecommuni cat i ons 25.2 16. 8 12.75
El ectrical Power 23.2 12.5 19. 4
Attitude Control 2.7 2.1 6. 65
Spacecraft Data 7.0 4.5 6.5
Structure 20.0 14.6 14.6
Pr opul si on 20.1 13.1 9.9
Thermal Contr ol 4.0 3.5 3.7
Sci ence Payl oad 9.0 7.0 7.0
Total 111.2 74. 1 80.5
Cont i ngency 29.5 20.1 31.3
(26. 5% (38.9%
Total Dry Spacecraft 140.7 94. 2 111.8
Propel |l ant (Av M S) 24.6 (350) 16.1 (350) 6.9 (130)
Total Wet Spacecraft 165. 3 110.3 118.7

Trajectory [ 3]
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A wide range of trajectory types “to Pl uto are available for
m ssions using |ow nmass spacecraft in the late 1990s through the

early 2000s. In order to mnimze flight tinme, |aunch energy

(C;) and post-launch AV - while also providing desirable |aunch
and backup opportunities — direct trajectories are preferable.

O her trajectories, including Jupiter and Venus gravity-assist
trajectories, have been considered. Currently, a direct

trajectory is baselined [Editor: insert trajectory figure

reference here] . Wth no gravity assist requirenents, a direct

launch to Pluto is possible every year; gravity assist
trajectories offer nore limted options, longer flight tines, and
hi gher operations costs.

Only ballistic (high thrust) trajectories were considered.
These include: direct, Jupiter gravity assist (Jea), two- and
three-year Earth Jupiter gravity assists (2,3-AVEJGAs), and
conbi nations of Venus Earth Jupiter gravity assists (VEJGAs) .
Wiile low thrust (e.g., solar electric) trajectories appear
attractive on paper, equipnent of the capability required to
perform this mssion is unlikely to be available until well after
2000.

Direct

Conceptual ly, the sinplest trajectory goes direct from Earth
to Pluto. Since no gravity assists are used, there is a yearly
| aunch opportunity. The down side of direct trajectories is that
they require large launch energies; few |launch vehicles can
inject mass to C;s nuch over 110 km?/s® (while ~>250 km?/s® i s
required) , so additional upper stages are required. In order to
have a fast flight tine w thout augnenting the |launch vehicle
with upper stages, gravity assist trajectories nust be used.

Direct with Jupiter Gavity Assi st
Jupiter is the only outer planet with the proper orbital
phasing and mass to provide a beneficial gravity assist to Pluto
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in the timeframe of interest. By launching to'Jupiter enroute to
Pluto instead of going to Pluto directly, the specific |aunch
energy requirenent is reduced to the 100-120 km?/s? range.

Rel ative notion of Jupiter and Pluto yields only three JGA | aunch
years per Jupiter-Pluto synodic period (roughly 12.5 years); the
next set occurs in 2003-2005, w th 2004 being best as flight

time, post-launch AV and specific launch energy are mnimzed for
a conservative Jupiter flyby constraint.

Jupiter flyby distance is constrained because of its severe

radi ati on environnent. Accumul ated electron and proton radiation
doses can be quite high inside 14 R,, risking damage to both the
spacecraft and instrunents. I ncreasing the radiation “hardness”
(shielding, higher reliability conponents, etc.) of the
spacecraft and instrunents will decrease the risk, but wth
correspondi ng increases in cost and nass. The constraint on
Jupiter flyby distance, then, includes consideration of shielding
mass, cost of rad-hard parts, and flight tine. In order to keep
a |lowmss, |owcost spacecraft, a Jupiter flyby constraint of 15
R, has been used for trade-off analyses. If further analysis

shows a closer flyby to be possible within cost and mnass
constraints, significant flight time reductions could be
realized, but launch still. nust wait for the appropriate
al i gnment .

Two- and Three- Year AVEJGAS

Launch energies for the JGAs are still. quite high, requiring
the use of nore capable and nore expensive |aunch vehicles. An
Earth gravity assist can be added to the JGA to |ower the C,; at
t he expense of post-launch AV and flight tine with a two- or
three-year Earth return trajectory. The spacecraft then picks up
a gravity assist and heads for Jupiter for another boost to
direct it to Pluto. Wiile this strategy adds two or three years
to the overall flight time, the specific launch energies are
significantly lower (25-30 km?’/s? with m ni num post-I|aunch AVS of
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>1 kmi's for the two-year option) , all. owing the “use of |ower-cost
| aunchers such as the Dbelta |l or Atlas IIAS.

Venus Gravity Assi sts

Venus gravity assists can also be added to an Earth boost
flyby, as one was for Glileo on its VEEGA trajectory to Jupiter.
The best opportunity identified so far in the tinmefranme of
interest is a WEJ trajectory in 2000. But there are drawbacks
to this trajectory as well. First, there is a determnistic
post-launch AV requirenment of >2 knms for the lower flight tinmes.
Second, these trajectories require perihelia of 0.7 AU or less;
since solar flux scales as the inverse of distance squared, the
thermal environnent for the spacecraft at Venus is tw ce as
severe as the environnent at 1 AU (Earth orbit) . Third, the
Venus-Earth synodic period is roughly 1.5 years, which places
Earth far from where it should be after only one synodic period.
Therefore, launch can occur only every other synodic period, or
once every three years, in order to go to Jupiter. \Wile a
VVVEGA opportunity has been identified (i.e., no flyby of Jupiter
is required) , a very large post-launch AV is required to keep the
total flight time under 15 years, meking the option unattractive.

Advanced Technol ogy Insertion [4]

NASA's O fice of Advanced Concepts and Technology is funding
research and denonstration of new technologies that wll benefit
the Pluto mission in neeting its goals. Within a process called
Advanced Technol ogy Insertion (ATlI), the mssion devel opnent team
issued a request for information in Novenber, 1992 and invited
over 1200 representatives fromindustry, academ a, and federal.
| aboratories to |ook at the mi ssion constraints of cost, schedule
and reduced mass and to help identify candidate new technol ogi es
that-. mght be included in the conceptual design efforts. Team
| eaders nmade it clear to the contracting conpanies that paper
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studies were not the desired product. The team wanted proof-of-
concept hardware or software showi ng prom se for possible
inclusion into the Pluto nmission within the stated m ssion

constraints.

Prelimnary ATl work. has resulted in the delivery of the
first breadboard products in August 1993, with subsequent
deliveries due through June 1994. New technologies for the Pluto
mssion will be rigorously pursued until the 1995 technol ogy
freeze

Breadboard to Flight Hardware

The introduction of new technology necessarily nmeans flying
conponents for the first tine. To reduce risk, “breadboard”
hardware has already been built [Editor: reference |ine draw ngs
of spacecraft] . Many early problens will ‘be worked out at this
| evel where conponents are inexpensive, different techniques may
be easily tried, and reliability is not a concern. Del ays
i ntroduced by problens discovered and worked out at this stage
tend to be far |ess expensive than delays caused by problens
di scovered | ater. More than one breadboard version of a
particul ar subsystem nmay be built where the benefits and risks of
different inplenmentations are uncertain. Much of the breadboard
and subsequent equipnment will be connected together and tested in
JPL's new Flight System Testbed

The next step is a "brassboard" spacecraft, having

functional replicas of nost subsystens built separately and then
integrated into a partially functional spacecraft. Some
subsystems (e.g. , power) will not be functional.; supporting lab
equi pment will act as surrogates. (Qther subsystens will be very
close to flight functionality and configuration (e.g. , conputer
and nenory equi pment, which might differ from flight versions
only in their lack of screened electronic parts and conpl et eness
and testing of software) . This brassboard will be used to work
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out nearly all subsystem interface details while there is still
time to nodify custom hardware and software.

Two flight qualified spacecraft will then be built. The

first to be conpleted will be subjected to systemlevel flight
qualification testing, and refurbished for the second |aunch.
‘1" he other wll be launched first. Spares will be built for a

third spacecraft.

Students are providing significant support in the breadboard
devel opnent . In fiscal year 1993, nore than 50 students from 23
universities participated in a variety of areas, including a
conpetition to design a prototype adapter between the spacecraft
and the” launch vehicle s upper stage (see Table 3) . Students at
the Georgia Institute of Technol ogy won the conpetition; the goal
was for the adapter to weigh “less than 12 kg”. The students’
final conposite dodecahedral |lattice cone adapter prototype,
based on devel opnents nade by a researcher at Japan’s Institute
of Space and Aeronautical Sciences, weighed about 2 kg.

Table 3 — Student Participation in Pluto M ssion

Subsyst em Uni versity St at us Pr oj ect

Tel ecom U of Mchigan | conplete Build | ow | oss
power di vi der

“I'nstrunments/ Caltech, conpl ete Payl oad

spacecr aft Nort hern desi gn,

system Arizona U. spacecraft
nmockup

Structure/ bus Uah State U. in progress Build isogrid

bus structure
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End-t o-end
info system

Central State
u.

in progress

Buil d data
fl ow
architecture

systenms eng.

si mul at or
Structure Harvey Muidd conpl ete Desi gn and
bui l d stack
adapters
F1 ight u. of conpl ete Recommend data
conput i ng Bal ti nore conpr essi on
Pr opul si on Cal tech in progress Buil d stack
stack not or nockups
FI i ght Stanford U. in progress Build low-
conput er power CMOS
chip
“Traj ectory/ Ccci dent al in progress Ani mat i on of
sci ence f 1 yby
Traj ectory Purdue U. conpl ete Pluto and
fol | ow on
trajectories
Mission Sout hanpt on conpl ete Pluto m ssion
(UK) alternatives
Conput er UCLA in progress devel op
conput er
architecture
Spacecraft U. Texas in progress Shuttle
systens eng. (Austin) requi renents
Spacecr af t RPI conpl ete telenetry

requi rements
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End-t o- end Trinity conpl ete EEIS/testbed

info system architecture

(EEI'S)

EElI S u.  Col orado in progress G ound data

(Boul der) system/EEIS

Adapt er see bel ow conpl ete Desi gn and

conpetition bui I d vehicl e/
spacecraft
adapt er

U W Virginia

Manhat t an
Col | ege

Georgia Tech (Wnner)

U. Naples
(Italy)

Tuskegee U.

U Central
Fl ori da

U. Maryl and

M ssion Operations and Tracking

Students may also figure highly in mssion operations.
Lessons |earned from using students at the University of Colorado
in t-he operation of the Sol ar Mesosphere Explorer are being
considered for achieving low cost, efficient operation of the
pluto Mssion [5] . Another operations option would integrate
Pluto m ssion operations with t_he Voyager Interstellar M ssion,
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operating all four (two Voyager plus two Pluto) spacecraft with a
team only slightly larger than that required for Voyager al one.

Pluto m ssion design has considered operations from the
out set. Features which contribute to |ow cost include

a spacecraft design that permts |long periods of unattended
operations during cruise. This enables routine cruise
operations to be built around a one or two brief weekly Deep
Space Network tracking and data collection passes.

a spacecraft engineering data return strategy that exploits
on-board data processing and analysis to mnimze the anount
of engineering data that nust be downlinked and anal yzed.
spacecraft command and control capabilities that allow
cruise commands to be uplinked w thout elaborate simulation
and constraint checki ng.

an encounter/flyby command sequence that is pre-planned and
tested during cruise and is only refined imrediately before
cl osest approach to allow for trajectory and arrival tine
uncertainties.

a large on-board nenory that permts capture and storage of
all the science data collected during flyby and allows its
subsequent return over a limted dowlink (80 b/s over 34 m
DSN stations; 320 b/s over 70 m DSN stations) via routine
daily DSN passes for up to a year follow ng encounter

Accel erated Procurenent

NASA Adm ni strator Dan Col din demands that NASA Centers do
busi ness “faster, better and cheaper”. And NASA is interested in
showi ng the country that it is encouraging the use, and fostering
the spread, of new technol ogy. Consequently, JPL has enphasized
new ideas such as the teamng with industry and universities to
perform Advanced Technology Insertion (ATI) projects and m ssion
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operations, as discussed above. The Pluto Preproject is intended
as a NASA showcase in the use of advanced technol ogy. [Editor:
see sidebar, attached at end of this docunent]

The Pluto Preproject’s ATl effort needed to nove quickly to
meet schedul e pressures and budget cycles, thus creating the need
for significant acceleration of procurenents. The nost inportant
factor in accelerating Pluto procurenents was the Preproject
manager’s recruitnent of a procurenent representative from JPL’s
Procurenent division, who becane an active nenmber of the Pluto
teamearly in the devel opnent effort.. Additional negotiators
from the Procurenent division got involved as needed.

The procurenent representative also becane very involved in
the ATI Request for Information, the first step in the AT
effort . The Preproject and the Procurenent division had about a
month to organize an industry briefing. Simlarly short |ead
times were enabled for executing 16 ATl contracts by involving
negotiators in early planning and training cognizant engineers to
work with them in navigating the conplex procurenent process.

NASA then issued a NASA Research Announcenent for the ATI
science instrunents and JPL initiated contracts resulting from
this process. JPL issued the requests for proposals for
prot ot ype spacecraft conponents and executed the resulting

contracts . The Preproject manager specifically did not want any
‘ ‘study’ ' contracts. Consequently, all these contracts specified
breadboard hardware and software of the new conmponents. Havi ng

the procurenment representative assigned as a team nenber resulted
in all contracts being let on schedule. Wth several contract
deliveries already conplete, all work is within fixed costs

negoti ated at the outset.

Concl usi on
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Pluto’'s distance makes any mission there a chall enge. Once
considered incredibly renpte, Pluto is now clearly within reach
even with significant cost, mass and tinme constraints.
Technol ogi es pioneered for small Farth orbiters, and advanced
t echnol ogy devel opnent supported by NASA, universities, and
industry, enable spacecraft, mass and operations cost reductions
far bel ow what was thought possible ag little as two years ago.
Present efforts are focused on demonstrating the viability of new
subsystem and instrunent. conponents, and an innovative
devel opnent, test and operations approach through procurenent. and
testing of proof-of-concept hardware and software. As m ssion
resource constraints grow tighter, recent work represents a head
start toward reaching aggressive goals of life cycle cost and
technol ogy inprovenent within a first-class scientific mssion

Arguments for a visit to Pluto and Charon have becone nore
conpel ling with Voyager’s successes - and we should conplete the
initial reconnai ssance of our Solar System What neasurenents we
have been able to nake from Earth render Pluto and Charon an
enigmatic pair, and there is no doubt. that additional important
pi eces to the puzzle of the Solar Systemis formation will be
revealed with a successful mssion to Pluto.
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[Sidebar]

Potential Commercial and Educational Benefits from the Pluto
M ssi on

Advanced Technol ogy Insertion contractors were asked to identify
potential comercial and educational benefits from their
participation in the Pluto m ssion. Excerpted comments from sone
of the responses include:

Qur manufacturing processes are advancing to cope with the
demands of the technol ogy of our mcropackaged computer.

baselined for the Pluto flyby m ssion. Thi s advance in
technol ogy may well pronmpt our next major comerci al
expansi on. —Richard A Holloway, SC Systens, Inc

Pluto Fast Flyby can be expected to enhance our industria
conpetitiveness. . . . The ability to produce mniaturized high
t echnol ogy systens at |ow cost and on a short tine scale
will |l ead to donestic jobs.

—Martin Goland, Southwest Research Institute

The efficient, light weight, conpact heat-to-electrici ty
AMTEC generator will be attractive for many applications,
such as residential natural gas furnace operation

i ndependent of the power grid. . . on-site power generation.
residential cogeneration.. . (and) use in hybrid vehicles to
reduce emissions. . . . (S)uccess with amrec devel opment wil |

put the U S. in the forefront of a critical new technol ogy.
- Thomas K. Hunt, Environnental Research Institute of M chigan

The Isogrid structures. . . provide light, strong, high
reliability aerospace structures for spacecraft, airplanes,
aut onobil es, and many other products, and inproves the
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quality, reliability, safety and “costs of these products.
(G)raduate students are doing nost of the engineering and
fabrication, (contributing) to their experience base,
(giving) other students an exanple of how to be involved in
nregaln PTOJECLS. . . yring) real contributions. . . (Ieading)
to highly notivated and enthusiastic students, even anong
those not directly involved in the project.
—Dr. Bartell Jensen, Space Dynam cs Laboratory, Uah State
Uni versity

- The exploration of Pluto nourishes a tremendous national
sense of acconplishnent. The technical challenges cannot
hel p but provide new technol ogy for power generation
m niaturization, propulsion, and artificial intelligence.

The project has already noved into the classroons here, in
astrophysics and critical thinking classes, (which) has
al ready hel ped many students think on a grander scale.
-— Ceorge M Lawrence, Laboratory for Atnospheric and Space
Physics, University of Colorado at Boul der

- One of the biggest inpacts. . . at Georgia Tech (has been) the
educati onal opportunities. The six students that
participated in the design, building and testing of the
adapter |earned nore about engineering than in any single
course that they took. . . . Certain aspects of the mission
coul d be opened up to. . . international collaborative
research projects, which benefit not only the countries
i nvol ved, but also NASA and, nost inportantly, the students
that would be involved in the research

— Kurt Gramoll, School of Aerospace Engineering, GCeorgia
Institute of Technol ogy
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